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This research aims to investigate the pollutant removal efﬁciencies in swine wastewater using a vertical
subsurface ﬂow constructed wetland (VSF CW) planted with two species of Napier grass. The grass
productivities were also cultivated and compared in order to provide information for species selection.
Twelve treatment units were set up with the VSF CWs planted with Giant Napier grass (Pennisetum
purpureum cv. King grass) and Dwarf Napier grass (Pennisetum purpureum cv. Mott.) with 2 and 5 cm d1
of hydraulic loading rates (HLR). Comparisons of removal efﬁciency and grass productivity were analyzed
using Duncan's Multiple Range Test and t-test at the signiﬁcant level 0.05. Both species of Napier grass
performed more than 70% of removal efﬁciency of BOD and TKN. The VSF CW planted with Giant Napier
grass at 5 cm d1 HLR performed the highest BOD removal efﬁciency of 94 ± 1%, while the 2 cm d1 HLR
removed COD with efﬁciency of 64 ± 6%. The results also showed the efﬂuent from all treatment units
contained averages of BOD, COD, TSS, TKN and pH that followed Thailand's swine wastewater quality
standard. Average fresh yields and dry yields were between 4.6 ± 0.4 to 15.2 ± 1.2 and 0.5 ± 0.1 to
2.2 ± 0.1 kg m2, respectively. The dry yields obtained from four cutting cycles in ﬁve months of CW
system operation were higher than the ones planted with a traditional method, but declined continu-
ously after each cutting cycle. Both species of Napier grass indicated their suitability to be used in the VSF
CW for swine wastewater treatment.
© 2016 Production and hosting by Elsevier B.V. on behalf of Chinese Institute of Environmental
Engineering, Taiwan. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Livestock farming, especially on swine farms, causes a large
amount of wastewater which contains a high concentration of
organic substances, solids and nutrients. Without appropriate
wastewater treatment methods, the efﬂuent can contaminate wa-
ter resources. In order to control water quality of the wastewater
discharge from the swine farms, Thailand has developed efﬂuent
standards. Currently, only the large-sized swine farms are able to
comply with the standards. Many small-sized farms fail to do so
due to their budget limitations and lack of ability to operate the
complicated systems. A simple operation and low cost wastewater
treatment system can be an important alternative to improvewater
quality for these small-sized swine farms.Institute of Environmental
r B.V. on behalf of Chinese Institu
enses/by-nc-nd/4.0/).Constructed wetland (CW) with plants is known as an effective,
low cost, and environmentally friendly wastewater treatment sys-
tem. Recently, the CWs have been used to treat wastewater from
various agricultural activities including from the swine farms [1,2].
Meers et al. [3] and Chen et al. [4] reported that constructed wet-
lands can be used for treating swine wastewater to reach the
discharge standard, and also is considered to be a good alternative
treatment system.
Napier grass is a perennial forage crop with high biomass and
drought tolerant. It is easy to establish and has been used primarily
for grazing [5,6], bio-oil, bio-gas, charcoal, and pulps for paper
making. In case of wastewater treatment, Goorahoo et al. [7] re-
ported that Napier grass was used to reduce excess nutrients from
diary efﬂuent in order to reuse wastewater for irrigation. The grass
showed a decent potential to absorb signiﬁcant amounts of the
excess nutrients in the wastewater. In India, a vertical subsurface
ﬂow CW (VSF CW) planted with Napier grass was used to treat
greywater in which the efﬂuent reached the USEPA standard for
water reuse [8].te of Environmental Engineering, Taiwan. This is an open access article under the
Fig. 1. The vertical subsurface ﬂow constructed wetland (VSF CW).
P. Klomjek / Sustainable Environment Research 26 (2016) 217e223218This research aims to investigate the efﬁciencies of two Napier
grass species with different wastewater loading rates for swine
wastewater treatment. Also, Napier grass productivities were
cultivated, measured, and compared. The results of the study will
present an alternative for wastewater treatment of the small-sized
swine farmers. If the systems can improve water quality to a
desirable level as well as develop extra income from Napier grass
productivity, it may encourage the farmers to adopt the wastewater
treatment before discharging the efﬂuent into the environment.
2. Materials and methods
The VSF CW used in this research was built from a circular
concrete tank with a diameter of 0.8 m and a height of 0.8 m. It was
ﬁlled with three types of media for plant cultivation and waste-
water treatment. From the bottom, a 10 cm height of gravel
(3e6 cm in diameter) was lined as a ﬁrst layer. The second layer was
a 40 cm height of coarse sand (2.5e7.5 mm in diameter). The thirdTable 1
Characteristics of swine wastewater inﬂuent.
Indicators Unit Ranges (sample sizes)
Temperature C 30.0e35.0 (21)
pHb 5.91e7.54 (21)
DO mg L1 0.02e3.88 (21)
EC mS cm1 565e1469 (20)
TDS mg L1 283e735 (20)
TSS mg L1 21e51 (21)
BOD mg L1 30e210 (15)
COD mg L1 176e872 (15)
TKN mg L1 35e111 (20)
Note:
e ¼ Not be determined for the standard.
a Standard for efﬂuent of swine farms with 50e500 pigs.
b Median is shown instead of average ± SD.layer was a 15 cm height of medium sand (1e3 mm in diameter). A
feeding tank, which contained swine wastewater, was situated on
the top of an experimental unit. A drainage pipe was inserted under
the unit as shown in Fig. 1.
Giant Napier grass (Pennisetum purpureum cv. King grass) and
Dwarf Napier grass (Pennisetum purpureum cv. Mott) were selected
and planted separately in twelve experimental units. Two control
units were set up the same as the experimental units but without
the grass.When the grasses acclimated in the experimental system,
they were all cut at approximately 5 cm above ground level. The
treatment process then was started by loading swine wastewater,
which was collected from small-sized swine farms, into the VSF CW
with the hydraulic loading rate (HLR) of 2 and 5 cm d1. The HLRs
were adapted from Cooper's design criteria for the VSF CW [9]
combined with a consideration for the appropriateness of Napier
grass growth. The inﬂuent was retained and treated in the VSF CW
for 2 d before draining it. Then, the systemswere suspended for 5 d,
before the next wastewater treatment cycle was performed. These
VSF CWs were operated continuously for 5 months. Wastewater
samples from the inﬂuent and efﬂuent were collected every week
throughout the operation period. Water quality parameters,
namely COD, BOD, TSS, TDS, TKN, DO, EC, Temp and pH, were
analyzed according to the analysis methods of Standard Methods
for the Examination of Water and Wastewater [10].
During the treatment operation, Napier grasses were cut four
times. The ﬁrst time was at 60 d after the treatment system began.
The grasses were cut at approximately 5 cm above the ground. The
other three cutting cycles were every 30 d in which the interval is a
common practice for the Napier grass harvest [6]. Samples of the
Napier grass, then, were taken to analyze for their fresh yield and
dry yield.
Duncan's Multiple Range Test (DMRT) was used to compute the
statistical differences of the removal efﬁciency among three
different groups of treatments (VSF CWs planted with Giant Napier
grass, Dwarf Napier grass, and control unit). The statistical differ-
ences for removal efﬁciency among different two groups of the HLR
were compared by t-test. The statistical differences of productivity
among different four types of VSF CW and among different cutting
cycles were compared using DMRT. All statistical analyses were
performed at the 0.05 signiﬁcant levels.
3. Results and discussion
3.1. Wastewater treatment efﬁciency of the VSF CW
Thailand swine wastewater quality standard type C, which oc-
curs on the farms with 50e500 pigs, indicates that COD, BOD, TKN,
and TSS should not exceed 400, 100, 200 and 200 mg L1,Average ± SD Thailand swine wastewater quality standarda
32.0 ± 1.2 e
6.76 5.5e9.0
1.08 ± 0.99 e
1060 ± 276 e
530 ± 139 e
31 ± 8 200
120 ± 59 100
373 ± 209 400
70 ± 21 200
Table 2
Concentration of pollutants in inﬂuent and efﬂuent of treatment and control units.














HLR2 HLR5 HLR2 HLR5 HLR2 HLR5 HLR2 HLR5 HLR2 HLR5 HLR2 HLR5
1 872 136 187 128 149 112 248 198 11 37 13 13 27 42
2 432 200 269 219 237 312 264 195 24 32 28 42 42 48
3 264 64 109 72 93 e e 195 12 22 14 22 e e
4 e 72 77 83 112 96 104 e 6 9 12 19 41 45
5 e 99 96 99 133 112 120 e 5 12 12 17 29 18
6 232 104 272 229 264 e 24 210 16 17 15 18 e 22
7 664 272 475 403 501 144 192 117 17 55 16 19 41 44
8 224 251 453 341 229 240 320 30 17 28 36 31 15 10
9 400 208 219 395 469 112 96 93 29 16 29 15 18 8
10 688 181 363 304 331 96 208 84 4 15 9 13 22 32
11 400 163 179 192 227 112 136 47 4 7 9 13 16 24
12 248 117 163 168 293 80 96 98 18 12 20 16 19 20
13 256 64 59 192 219 64 e 84 15 31 17 37 56 e
14 e 24 48 48 101 e e e 9 23 12 32 e 73
15 224 40 48 53 64 32 80 180 5 3 7 2 2 4
16 272 40 40 91 80 48 80 78 4 15 10 15 23 20
17 240 75 69 117 139 e 64 108 6 11 11 21 18 21
18 176 16 21 48 32 16 16 87 6 5 18 18 2 4
19 e 37 53 64 43 e e e 12 29 15 27 e e
20 e 32 48 139 117 e e e 12 29 17 31 e e
21 e 64 59 155 88 e e e 13 34 17 38 e e














HLR2 HLR5 HLR2 HLR5 HLR2 HLR5 HLR2 HLR5 HLR2 HLR5 HLR2 HLR5
1 80 3.2 11.8 7.4 28.6 2.5 45.8 47 31 26 15 17 13 34
2 44 2.2 9.9 4.6 10.3 3.6 17.9 25 7 9 4 12 4 4
3 52 0.8 1.6 1.0 0.9 1.1 1.1 23 14 10 7 18 22 6
4 35 0.8 0.9 0.8 0.7 0.8 0.6 35 18 3 9 17 9 6
5 50 0.8 1.7 1.2 1.1 0.6 5.0 35 19 4 10 16 10 11
6 68 2.2 1.9 1.2 1.7 3.6 3.9 28 9 20 18 17 5 4
7 71 0.8 4.1 1.0 1.6 0.8 6.4 35 12 27 22 32 49 5
8 e 1.0 2.2 0.9 3.7 3.9 8.1 51 6 19 11 17 6 3
9 47 0.6 1.4 1.4 0.9 1.1 0.8 39 6 17 16 16 5 5
10 89 1.4 3.6 2.2 6.3 1.1 11.2 34 13 22 15 25 8 13
11 111 2.5 7.7 3.2 2.6 1.7 9.0 38 3 8 9 11 e 4
12 80 1.8 2.6 1.4 6.5 1.4 4.5 24 14 7 12 21 6 11
13 66 2.4 2.4 0.8 6.6 3.1 3.6 32 10 8 11 19 3 3
14 49 1.2 1.7 1.6 3.3 0.8 2.0 24 11 6 8 8 6 5
15 74 1.5 2.2 3.1 3.5 0.6 0.8 21 3 5 4 3 3 6
16 66 1.6 2.9 1.5 2.2 1.4 3.9 28 4 8 5 10 1 8
17 69 1.4 2.0 1.8 1.3 1.1 1.4 28 9 10 14 13 9 11
18 70 0.9 1.8 1.1 1.0 1.1 0.8 25 7 5 7 13 25 21
19 87 2.0 4.1 1.0 2.4 1.4 3.4 22 4 5 21 6 3 4
20 111 1.5 1.5 0.9 1.7 0.8 1.1 27 7 7 7 7 6 5
21 87 3.5 3.0 1.5 1.5 1.4 1.7 27 5 9 7 11 24 6






HLR2 HLR5 HLR2 HLR5 HLR2 HLR5
1 e 591 728 657 684 567 718
2 651 418 543 419 408 592 333
3 458 326 371 401 341 358 333
4 287 179 238 250 235 268 252
5 415 253 362 405 392 287 361
6 496 283 342 361 385 341 386
7 286 328 480 369 469 248 420
8 586 255 447 308 373 401 482
9 735 286 360 399 378 404 352
10 735 285 410 312 465 395 516
11 663 324 383 327 385 330 386
12 670 368 442 402 371 523 562
13 660 335 346 416 406 490 432
(continued on next page)
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HLR2 HLR5 HLR2 HLR5 HLR2 HLR5
14 525 314 371 296 411 436 492
15 588 369 434 371 411 449 547
16 531 307 286 271 334 307 396
17 283 283 289 327 289 356 367
18 504 188 243 206 245 156 202
19 562 320 371 317 361 321 418
20 509 314 352 319 312 358 534
21 464 289 349 349 340 e 256
Note: e ¼ No data.
a Average efﬂuent concentration for each treatment batch calculated from replicates of each treatment system.
P. Klomjek / Sustainable Environment Research 26 (2016) 217e223220respectively [11]. The wastewater samples from the collecting
ponds at the small-sized farms contained an average BOD more
than the country's standard. Although an average COD of the
inﬂuent was under the standard, the highest CODwas not (Table 1).
Efﬂuent from the VSF CWs and the control units indicated that
pH, EC and DO were between 5.7 and 7.9, 319e1555 mS cm1,
0.1e7.8 mg L1, and 5.8e7.0, 313e1435 mS cm1 and 0.7e6.4mg L1,
respectively. Table 2 shows the average COD, BOD, TKN, TSS and
TDS in the inﬂuent and the efﬂuent of each treatment batch. It was
found that the median pH and average COD, BOD, TKN and TSS
were within the criteria of Thailand's standard. It should be noted
that the highest average COD in the efﬂuent of the VSF CWwas over
the standard. The different species of Napier grass attributed to the
statistical differences of COD, BOD, TSS and TDS in the efﬂuent of
the treatment systems (Table 3). It was noticeable that the systems
operated with different HLR contributed to the signiﬁcant differ-
ences of COD, BOD, TKN, TDS and EC in the efﬂuent of the VSF CWTable 3





2 cm d1 of HLR 111 ± 11 (54)Bb
5 cm d1 of HLR 161 ± 19 (61)Aa
BOD mg L1
2 cm d1 of HLR 11 ± 1 (59)Bb
5 cm d1 of HLR 21 ± 2 (62)Aa
TKN mg L1
2 cm d1 of HLR 1.6 ± 0.2 (63)Ab
5 cm d1 of HLR 3.4 ± 0.5 (62)Aa
TSS mg L1
2 cm d1 of HLR 10 ± 1 (63)Aa
5 cm d1 of HLR 11 ± 1 (63)ABa
TDS mg L1
2 cm d1 of HLR 315 ± 12 (63)Bb
5 cm d1 of HLR 388 ± 15 (63)Aa
DO mg L1
2 cm d1 of HLR 1.5 ± 0.2 (62)Aa
5 cm d1 of HLR 1.5 ± 0.2 (63)Aa
pHb e
2 cm d1 of HLR 6.59 (63)
5 cm d1 of HLR 6.45 (63)
EC mS cm1
2 cm d1 of HLR 629 ± 24 (63)Bb
5 cm d1 of HLR 775 ± 30 (63)Aa
Note:
a Mean ± SEM are shown for each treatment and Sample size (n) are in parenthesis
signiﬁcantly different between types of treatment unit at p  0.05 of F-test. Mean values
different between HLRs at p  0.05 of T-test.
b Medians are shown instead of average ± SEM.planted with Giant Napier grass, as well as a different difference in
BOD, TKN and TSS when Dwarf Napier grass was used. The different
HLR also contributed to a signiﬁcant difference of TKN in the con-
trol unit.
Average efﬁciencies for COD, BOD, TKN, TSS and TDS removal of
the VSF CW planted with Giant Napier grass, with Dwarf Napier
grass, and the control units operated at the HLR of 2 and 5 cm d1
are shown in Table 4. The efﬁciency of COD removal is highest in a
control unit (68%) following by the VSF CW planted with Giant
Napier grass with the HLR of 2 cm d1 (64%). All units performed
more than 70% of removal efﬁciency of BOD and TKN. The VSF CW
planted with Giant Napier grass with 5 cm d1 of HLR showed the
highest BOD removal efﬁciency (94%, p ¼ 0.008). With the HLR of
2 cm d1 the VSF CW could remove TKN at 98% (p ¼ 0.026). The
control unit with 5 cm d1 of HLR indicated the highest potential to
treat TSS (73%, p ¼ 0.003). TDS was removed with the lowest efﬁ-
ciencies varied between 20 and 40% across all units.s Dwarf Napier grass
VSF CW
Control
174 ± 17 (60)Aa 113 ± 21 (14)ABa
194 ± 20 (60)Aa 137 ± 23 (15)Aa
16 ± 1 (61)Ab 25 ± 4 (15)Aa
22 ± 2 (61)Aa 27 ± 5 (16)Aa
1.9 ± 0.3 (63)Ab 1.6 ± 0.2 (21)Ab
4.2 ± 1.0 (63)Aa 6.3 ± 2.2 (21)Aa
11 ± 1 (63)Ab 11 ± 3 (20)Aa
15 ± 1 (63)Aa 8 ± 2 (21)Ba
357 ± 13 (62)ABa 379 ± 24 (20)Aa
379 ± 13 (62)Aa 416 ± 26 (21)Aa
1.3 ± 0.2 (63)Aa 2.0 ± 0.4 (20)Aa
1.3 ± 0.2 (63)Aa 1.8 ± 0.3 (21)Aa
6.45 (63) 6.34 (21)
6.44 (63) 6.25 (21)
706 ± 27 (62)ABa 760 ± 49 (20)Aa
760 ± 26 (62)Aa 832 ± 52 (21)Aa
. Mean values within each row followed by the same letter (capital letter) are not
within each column followed by the same letter (small letter) are not signiﬁcantly
Table 4








2 cm d1 of HLR 64 ± 6 (15)Aa 42 ± 9 (15)Aa 68 ± 8 (12)Aa
5 cm d1 of HLR 44 ± 13 (15)Aa 36 ± 9 (15)Aa 62 ± 9 (13)Aa
BOD removal
2 cm d1 of HLR 86 ± 4 (15)Aa 79 ± 7 (15)Aa 74 ± 5 (13)Aa
5 cm d1 of HLR 94 ± 1 (15)Aa 77 ± 6 (15)Ba 77 ± 4 (13)Ba
TKN removal
2 cm d1 of HLR 98 ± 0 (20)Aa 97 ± 1 (20)Aa 98 ± 0 (20)Aa
5 cm d1 of HLR 95 ± 1 (20)Ab 94 ± 2 (20)Aa 91 ± 3 (20)Aa
TSS removal
2 cm d1 of HLR 68 ± 4 (21)Aa 63 ± 4 (21)Aa 67 ± 7 (20)Aa
5 cm d1 of HLR 65 ± 4 (21)Aa 52 ± 5 (21)Ba 73 ± 5 (21)Aa
TDS removal
2 cm d1 of HLR 40 ± 4 (20)Aa 31 ± 5 (20)Aa 28 ± 5 (19)Aa
5 cm d1 of HLR 26 ± 6 (20)Aa 27 ± 6 (20)Aa 20 ± 6 (20)Aa
Note: Mean ± SEM are shown for each treatment and sample size (n) are in
parenthesis.
Mean values within each row followed by the same letter (capital letter) are not
signiﬁcantly different between types of treatment unit at p  0.05 of F-test.
Mean values within each column followed by the same letter (small letter) are not
signiﬁcantly different between HLRs at p  0.05 of T-test.
P. Klomjek / Sustainable Environment Research 26 (2016) 217e223 221A reduction of organic substances, which is indicated by COD
and BOD, occurred at the same time as a decrease of organic solids
in wastewater [12]. The media such as sand, gravel, and plant root
usually acted as the ﬁlters to trap suspended solids [13,14]. The
organic substances in wastewater were decomposed by microor-
ganisms in the CW system and later were transformed into inor-
ganic matters in which beneﬁted to the organisms, or turned into
gas that can evaporate from the system [15,16]. Occasionally, the
inorganic matters from detritus of plant and microorganisms may
add to the water column. These loosened particles also increased
TSS and organic substances in the treated wastewater and resulted
in a decline of treatment efﬁciency [17]. Therefore, in some treat-
ment cycles of the VSF CWs plantedwith Napier grass as well as the
control units in this study, the organic matter treatment efﬁciencies
were negative values. The organic solid trapped with the ﬁlters
likely went through the media in the treatment and the control
units and caused an increase in concentration of both solids and
organic substances in the efﬂuent to be higher than the inﬂuent. It
can also explain that the COD and TSS reduction efﬁciencies of the
control units were higher than the VSF CWs because there was noTable 5
Yield of Napier grass in VSF CW.
Parameters Unit Giant Napier grass
VSF CW with 2 cm d1 of HLR VSF CW with 5 cm d
Fresh yield kg m2
1st cuttinga 11.9 ± 0.2Ba 15.2 ± 1.2Aa
2nd cuttingb 7.8 ± 1.2Ab 9.6 ± 1.0Ab
3rd cuttingb 4.9 ± 0.7Ac 5.8 ± 1.0Ab
4th cuttingb 4.6 ± 0.4Ac 6.2 ± 1.6Ab
Dry yield kg m2
1st cuttinga 1.6 ± 0.1Ba 2.2 ± 0.1Aa
2nd cuttingb 0.8 ± 0.1Aa 1.0 ± 0.1Ab
3rd cuttingb 0.5 ± 0.1Aa 0.6 ± 0.1Ab
4th cuttingb 0.5 ± 0.1Aa 0.6 ± 0.2Ab
Note: Mean ± SEM with sample size (n) ¼ 3 are shown for each treatment.
Mean values within each row followed by the same letter (capital letter) are not signiﬁc
Mean values within each column followed by the same letter (small letter) are not signi
a 60 d after plantation.
b 30 d after previous harvest.detritus of Napier grass to cause the increase in organic substances
or TSS in their units. The detritus included organic compounds,
namely cellulose, hemi-cellulose and lignin, which cannot be
decomposed easily [18]. Nevertheless, the wastewater treatment
system operated at a low rate of HLR increased a chance to treat
pollutants [19] especially for the hard to be digested organic mat-
ters. Microorganisms needed opportunity to contact with a long
period of time to be able to digest the organic matters [20]. As a
result, the COD removal efﬁciency was high when the HLR was set
at 2 cm d1. On the contrary, the BOD removal efﬁciency was high
when the HLR was set at 5 cm d1. This is because the decreasing of
BOD is a process in which microorganisms decompose the organic
matters especially the easy-to-decay ones.
It was found that VSF CW planted with Giant Napier grass
showed the highest BOD removal (5 cm d1 HLR ¼ 94%, 2 cm d1
HLR ¼ 86%). The Giant Napier grass could grow well in the system
with their roots penetrated into the deep zone of the units and
enlarged a habitat for microbial [21,22] and increased oxygen in the
system [23,24]. Oxygen releasing in the rhizoshpere of root sup-
ported aerobic microorganisms to decompose pollutants in the root
zone [25]. The Dwarf Napier grass spread its root in a horizontal
direction and did not go into the deep zone of the units. Thus, an
organic matter in wastewater that was retained in the deep zone of
this system was incompletely decomposed by aerobic bacteria due
to the unsuitable habitat and little oxygen.
The VSF CWs planted with Napier grass could reduce TKN in
wastewater with an efﬁciency of more than 90%. When operating
the systemwith 5 cm d1 of HLR, TKN removal efﬁciency of the VSF
CWs were higher than the control unit; though the differences
were not statistically signiﬁcant. As for the CW system, microor-
ganisms are considered an important factor to eliminate TKN in
wastewater by transforming the organic nitrogen compounds into
inorganic nitrogen, including those that are essential for plants
[26,27]. Apart from a nitrogen uptake, the roots of Napier grass also
act as a habitat for microorganisms and release oxygen [28] for
ammoniﬁcation proceeded by microbial. This process transforms
organic nitrogen to NH4-N. Then the nitriﬁcation will change NH4-
N to NH4-N [29,30] which will be also assimilated by plants [15].
Hence, plants have played a signiﬁcant role in organic nitrogen,
NH4-N and NOx-N reduction for the wetland as reported by Her-
ouvim et al. [28], Keffala and Ghrabi [31] and Dan et al. [32]. The VSF
CW planted with Giant Napier grass in this research produced the
highest potential for TKN removal in swine wastewater, and in line
with the high performances reported byMeers et al. [3], Borin et al.
[33] and Lee et al. [34]. Both species of Napier grass have theDwarf Napier grass
1 of HLR VSF CW with 2 cm d1 of HLR VSF CW with 5 cm d1 of HLR
10.0 ± 0.1Ca 12.4 ± 0.3Ba
8.0 ± 0.4Ab 10.6 ± 0.2Ab
5.4 ± 0.5Ac 7.1 ± 0.9Ac
5.2 ± 0.3Ac 7.0 ± 0.3Ac
1.6 ± 0.1Ba 2.1 ± 0.2Aa
1.0 ± 0.1Ab 1.3 ± 0.1Ab
0.6 ± 0.0Ac 0.7 ± 0.1Ac
0.6 ± 0.0Ac 0.7 ± 0.0Ac
antly different between 4 types of CW at p  0.05.
ﬁcantly different between sequences of harvest at p  0.05.
P. Klomjek / Sustainable Environment Research 26 (2016) 217e223222different shapes of stems. The Giant Napier grass is tall and large
with its clump stands straight like sugarcane while the Dwarf
Napier grass is short but robust with tillers [6]. In spite of that, the
analysis of dry weight and nitrogen quantity in Napier grass tissues
suggested that both types of grass absorbed nitrogen at almost the
same rate. It is presumed that the different potential to reduce
nitrogen of the VSF CWs planted with different Napier grass came
from the different root spread patterns. The Giant Napier grass with
a vertical root pattern provided a deep penetration and also
induced oxygen to support the microorganisms for organic nitro-
gen and NH4-N reduction in the deep zone of the treatment system.
The reduction of organic nitrogen, NH4-N and TKN is associated
with the COD and BOD reduction. Therefore, the VSF CW planted
with Giant Napier grass was more efﬁcient than the VSF CW
planted with the horizontal root pattern Dwarf Napier grass.3.2. Yield of Napier grass
The Giant Napier grass and Dwarf Napier grass growing in the
CWs with the HLR of 2 and 5 cm d1 illustrated average fresh yields
and dry yields in each cutting cycle as shown in Table 5. The Giant
Napier grass with 5 cm d1 of HLR from the ﬁrst cutting cycle
provided the highest dry yield when compared to the others
(p ¼ 0.036). The results suggested the Giant Napier grass tended to
adapt well to the VSF CWwith a high volume of wastewater. Unlike
the different HLRs, the CWs with 5 cm d1 of HLR showed the
higher yields in both species regarding to the high amount of water
and nutrients inserted into the system. Nonetheless, the results
displayed that yields of Napier grass declined after each cutting
cycle. Limitations of space, water, and nutrients after a certain
period of plant growth may trigger this.
Average dry yields of Napier grass cut from the VSF CWs, during
the ﬁve months of study were 3.4e4.8 kg m2. They were higher
than dry yields of the Napier grass planted with a traditional sys-
tem. According to the Department of Livestock Development [35],
Napier grass can grow well in the fertilized soils, and is suitable for
an irrigation area. On that account, it produces the dry yields of
1.9e2.5 kg m2 yr1. In this study, the two species of Napier grass
were planted in the VSF CW without adding any fertilizer but
derived water and nutrients mainly from the provided inﬂuent. The
planting media, gravels and sands, contained low nutrients that
hardly effected to the grass productivity. This is supported by
Jampeetong et al. [36] who reported on an extensive root system
and a high growth rate of hybrid Napier grass cultivar (P. purpureum
x P. americanu cv. Pakchong1) may cause a signiﬁcant uptake of
nutrient from contaminated water and results in a large amount of
its biomass. According to Brix [14,22], feeding a plant with nutri-
ents from contaminated wastewater is one of the alternatives to
reduce pollutants inwastewater, and it is also a way to reuse waste.4. Conclusions
It can be concluded that the Giant and Dwarf Napier grasses can
be used in the VSF CW to treat swine wastewater. The VSF CW
exhibited a prominent pollutant removal performance, especially
for the BOD and TKN. Quality of the treated wastewater was also
within Thailand's swine wastewater quality standard. Although
there is no statistically signiﬁcant difference among the treatments,
most of the VSF CWs showed high efﬁciencies in COD, TKN and TDS
removal when operated with 2 cm d1 of HLR. The higher BOD
removal efﬁciency was displayed when they were operated with
5 cm d1 of HLR. At the same HLR, the VSF CW planted with Giant
Napier grass presented higher COD, BOD, TKN, TSS and TDS removal
efﬁciency than the VSF CW planted with Dwarf Napier grass.Moreover, both species of Napier grass planted in the VSF CW
provided high yields.
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